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Abstract 
 Particle Image Velocimetry (PIV) is an optical technique used for the visualization of fluid flow. PIV can be combined with other techniques to enhance the analysis of fluid flow. A novel far‐field plasmonic resonance enhanced nanoparticle‐seeded Particle Image Velocimetry (nPIV) has been demonstrated to measure the velocity in a micro channel. Chemically synthesized silver nanoparticles have been used to seed the flow. By using Discrete Dipole Approximation (DDA), plasmonic resonance enhanced light scattering has been calculated for spherical silver nanoparticles with diameters ranging from 15 nm to 200 nm in two media: water and air. The diffraction‐limited plasmonic resonance enhanced images of silver nanoparticles at different diameters have been recorded. By using standard PIV techniques, the velocity within the micro channel has been determined from the images collected. The plasmonic resonance effects of nanoparticles from different media as compared to metal nanoparticles are also examined. Localized Surface Plasmon Resonance (LSPR) effects by naturally occurring Chinese yam particles are observed and quantified.  Chinese yam particles are found by an atomic force microscope and a high‐speed optical dark‐field microscope.  The particles with diameters greater than 200 nm are found to contribute most to UV‐Vis absorption.  LSPR effects of silver nanoparticles by the Chinese yam particles lead to the red shift of the extinction peaks of the silver nanoparticles.  The wavelength shifts are quantitatively predicted based on DDA of the LSPR effects, which are sensitive to the 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local dielectric constant changed by the Chinese yam particles. This finding may open a new avenue to detect the biological sub‐micron particles or virus in solution. PIV gives a new perspective on fluid flow that is otherwise difficult to see. An application of PIV studying the flagella movement of Giardia Lamblis trophozoites is examined. Standard PIV techniques are employed using a combination of high‐contrast CytoViva ® imaging system to capture the images at high speeds and the Insight 3G software to measure the speed and direction of fluid motion generated by the microscale flagella. The PIV images illustrate how the flagella of the Giardia interact with each other and how they move in their environment. 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1. Introduction 
1.1 Background 
   Micro and nanotechnology has grown tremendously in recent years and the ability to track the flow of particles in these small systems is a major advancement. Particle Image Velocimetry allows for the tracking of particles in fluid flow to provide the instantaneous velocity of the vector field. The theory of PIV is a simple one. Images of particles are taken in succession and then the two images are analyzed to find the displacement between the particles. With the displacement and the time between the images known, the velocity can thus be calculated. Nano‐PIV (nPIV) takes the same basic principles of PIV and applies them using nanoparticles as the tracer particles. Due to the small size of the nanoparticles they are able to enhance the images by providing a more accurate representation of the flow. nPIV provides great insight into the analysis of velocity measurements.   In the area of fluid mechanics and aerodynamics, velocity field is one of the most important physical parameters [1, 2]. However the velocity measurement is not trivial, especially for boundary layers or micro channels in which inherent compressibility effects, temperature, and density gradient make the direct measurement of velocity somewhat more difficult. The existing flow diagnostic techniques are not well suited for such measurements. Pilot‐static pressure probes, Hot Wire Anemometry (HWA) [3], Laser Doppler Velocimetry (LDV) [4, 5], Molecular Tagging Velocimetry (MTV) [6‐9], Particle Image Velocimetry (PIV) [2, 10‐12], and micron resolution PIV (µPIV) [13‐16] etc. have many limitations. The 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pilot‐static probe is ineffective because of the inherent wave structure created by the probe and the additional requirement for temperature or density measurements. The hot‐wire probe becomes sensitive to the local mass‐flux and total temperature. Hence, data acquisition and data‐reduction procedures are subsequently more complicated, and velocity cannot be measured directly. Although non‐intrusive laser‐based techniques, such as LDV, PIV and µPIV do provide direct measurement of the velocity in such flows, both methods require seeding particles of large dimensions added to the flow. Due to the inertial effects of the particles, they may not be able to track the flow accurately, especially across the shock wave or the near wall region within the boundary layers. PIV has a significant degrading effect of increasing particle size [17]. As a comparison, MTV tags air or other molecules themselves and thus is able to follow rapid transitions: a shock wave in the flow. In MTV the global velocity information can be obtained and the spatial resolution is limited by tagging regions [8, 9, 18, 19]. In a universal point of view, seeding particles in MTV are molecules which are on the order of a few Angstroms and have perfect tracking property, while particles used in LDV and PIV are artificially injected which are on the order of 100 nm to tens of microns and may not be able to track the flow perfectly. A unique opportunity to resolve some of these difficulties is offered by a novel experimental technique, nano‐Particle Image Velocimetry (nPIV). Nanoparticles have many unique properties: some of them may not even be well described by traditional theories in physics and mechanics due to the breakdown of the scale law [18]. Among the properties, the plasmonics‐enhanced light scattering 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and fluorescence emission can significantly improve nanoparticles’ visibility without increasing their size and weight [19, 20]. According to Stokes’ theorem, as a particle’s dimension and weight decrease, the particle’s response time to the flow conditions becomes shorter and flow‐tracking capability gets better [21]. For example, PIV measurement have been successfully conducted in hypersonic flows (M = 7) by TiO2 nanoparticles at diameters of ~50nm [22] and shock boundary layer interactions by TiO2 nanoparticles at diameters of ~170nm [23], which are not possible at all for common micron‐sized particles. However, the spatial resolution of those measurements is still insufficient to determine the near wall flow properties. Smaller nanoparticles will be able to track the boundary layer flows in a more detailed manner. As an example, natural seeding of condensed H2O and CO2 particles at diameters of ~10 nm has been successfully used in the hypersonic boundary layer measurement [24]. Obviously natural seeding is limited to flows at certain conditions and cannot approach the near wall region of the supersonic boundary layers. This is because the condensed H2O and CO2 particles are evaporated in the region at high temperatures. 
1.2 PIV History 
 Particle Image Velocimetry was first introduced in literature 27 years ago [11]. The principles of PIV are essentially very simple and can be observed by anybody who places a solid object in a liquid to observe the flow. PIV is a total flow field procedure that offers the instantaneous velocity vectors in a cross‐section of a flow [11].  In 1904 Ludwig Prandtl was the first to systematically study PIV using a 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water tunnel for flow visualization [10]. Laser doppler velocimetry (LDV) shares fundamental principles with PIV and was the first system that was used for wide spread research and industrial use [11].  It could obtain all of the fluid’s velocity measurements at specific points and was considered a 2‐D PIV predecessor [11].  Laser Speckle Velocimetry (LSV) actually gave way to PIV as we know it today [11]. The development progressed as groups that were working on LSV found that it was advantageous to decrease particle concentration down to levels were individual particles could be observed. It was clear that it was easier to study the flow if the field was split into ‘interrogation’ areas that could be analyzed individually to generate the velocity for each area [11]. With the increase of technology in lasers and cameras the modern from of PIV came to be.  There are four major components of modern PIV: Illumination of the lasers, the camera used, tracer particles, and the software used to analyze the images taken. These components are discussed further in the sections below. 
1.3 Illumination 
 The illumination of the flow field is very important when trying to capture images for PIV processing. It is advantageous to use a double‐pulsed laser because there is a short duration between the pulses that lasts a few nanoseconds. As a result even particles traveling at very high speeds are “frozen” when the exposure with the camera captures an image. The pulsed lasers are very suitable for PIV because they store and deliver all of the lasers power at exactly the right instant. 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1.4 Tracer particles  
 Tracer particles are added to the flow so that they can be used to observe the path of the flow. The tracer particles that are used must satisfy two major requirements: they must be able to follow the streamline without slip and must be efficient scatters of the illuminating laser light. Nanoparticles are being considered as tracer particles due to their optical properties that illuminate laser light. A variety of nanoparticles have been considered including gold and silver nanoparticles.  First, it is important to consider light scattering from a particle can be calculated from Mie scattering theory. This reveals that light scattered by a particle is proportional to the square of its volume. The cross section σ of light scattering can be expressed as [25, 26]. 
                    (1)  where  V is the volume of the particle  ε is the dielectric constant of the particle  εm is the dielectric constant of the surrounding The light scattering power is the product of the cross section and incident light intensity, which can be seen in the equation below: P=σI                  (2)  where P is the light scattering power I is the light intensity 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Therefore, due to the light scattering, large particles always dominate smaller ones. When the radius of the particle decreases by a factor of 100, such as particles at diameters of 10 nm instead of 1 µm, the scattering power will decrease by 1012. The light scattering coming from the nanoparticles is weak and difficult to be measured. As a result, it will be extremely difficult to collect light scattering from nanoparticles if large dust particles are present. Table 1 shows typical scattering cross sections of particles as a function of the particle size. Therefore the smaller the particle is, the more difficult for it to be detected by Mie scattering. 
 
Table 1: Scattering cross section of particles as a function of diameters off resonance 
 
Particles diameters Scattering cross section (cm2) 
Air molecules at 0.3 nm a 10-26-10-28 
CO2 cluster at 10 nm b 10-17 
Silver nanoparticle at 20 nm c 10-12 
Seeding particles at 1 µm d 10-8 
Seeding Particles at 10 µm d 10-5 a Reference 26 b Reference 27 c Reference 21 d Reference 21   Second, tracking capability of seeding particles can be estimated by Stokes’ theorem. The basic assumptions of Stokes’ flow are that the flow is incompressible and the Reynolds number is very small. Thus, the inertia terms can be neglected in the Navier‐Stokes equations, and only the viscous force balances the pressure that drags the particle. The supersonic flow is compressible and temperature gradient in the boundary layer causes variations in viscosity. However, the local flow velocity fluctuation relative to the moving particle is still subsonic. Local Mach number fluctuation from its mean value is still below 0.3 when the free stream Mach number 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reaches 4 and below 1 when the Mach number reaches 7.2 for a zero‐pressure‐gradient adiabatic boundary layer at moderately high Reynolds numbers [28]. Therefore, Stokes’ theorem can still be used as an approximation to analyze how the nanoparticles follow the supersonic flows. The relaxation time of the particle can be expressed as [21]. 
          (3)  where  dp is the diameter of the particle  ρp  is the density of the particle µf is the viscosity,  Knd is the Knudsen number Approximately, the response time of the particle is proportional to the density of the particle and the square of the diameter of the particle. Air molecules tagged by MTV can perfectly measure the velocity across the shock, while particles seeded in PIV show degraded effects. Therefore the smaller and lighter the particle is, the better for it to track the flow motion. The lower limit for the seeding particle is set by the measurement uncertainties due to Brownian motion of the particles. [14, 15]  
2. Nanoparticles 
2.1 PIV Nanoparticle Synthesis 
 The silver nanoparticles were synthesized by a chemical reduction method using a silver nitride solution and a citrate solution. The silver nitrate solution (90.1 mg of 0.01 M AgNO3 in 500 mL of distilled H2O) was heated to boiling point while 
  8 
being continuously stirred. At boiling point 10 mL of citrate solution (0.22 g of trisodium citrate, C6H5Na3, dissolved in 22 mL of H20) was added drop wise 1 mL at a time. The solution was left to boil for 1 hour. The large silver nanoparticles were prepared using the method described above. A 12 mL quantity was taken from the large silver nanoparticle colloid and placed in a 1cm by 2cm by 4 cm glass vial 3 mL at a time and irradiated by the second harmonic of Nd: YAG laser, l=532 nm for 30 minutes to prepare the small silver nanoparticles. The laser beam had a maximum laser power of J=1.1 J/cm2. To prepare the medium silver nanoparticle a similar method was used as described above; a silver nitrate solution (90.1 mg of 0.01 M AgNO3 in 500 mL of distilled H2O) was heated to boiling point as it was stirred. At boiling point 10.5 mL of the irradiated silver solution and 10 mL of citrate solution (0.22 g of trisodium citrate,  C6H5Na3, dissolved in 22 mL of H20) was added to the solution 1 mL at a time. The solution then boiled for 1 hour. The silver nanoparticles were further prepared before they were analyzed under the microscope. A 2 mL quantity of medium silver solution was diluted to 10 mL with distilled H20 and then filtered by a 100 nm filter. This procedure was repeated 3 times to give a total of 30 mL of filtered medium silver solution that was further diluted to 50 mL. A 3 mL quantity of small silver nanoparticles was diluted to 10 mL with distilled H20 and then filtered by a 100 nm filter. This procedure was repeated 3 times to give a total of 30 mL of filtered small silver solution that was further diluted to 50 mL. 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2.2 Size of Nanoparticles   The size distribution of the nanoparticles is recorded by the dynamic light scattering (DLS) system (Brookhaven Instruments BI‐2000SM goniometer equipped with a PCI BI‐9000 AT digital correlator). The laser wavelength is 633 nm. The detector is located at the scattering angle of 90°. The DLS provides the hydrodynamic size distribution of the particles in the solution by the auto‐correlation calculation of the Brownian motion of particles. The size distribution of the silver nanoparticles can be seen in Figure 1. The diameter for most nanoparticles is about 52.1 nm. There are minor proportions in the size distribution of the nanoparticles. The nanoparticles less than 10 nm in the solution occur commonly for the synthesis process used. The size of particles that are obtained from DLS are always greater than those from electron microscopes due to hydrodynamic effects in the water [29]. 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Figure 1: Size distribution of silver nanoparticles in solution measured by DLS.  
DLS Size Distribution of Silver Nanoparticles 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2.3 Morphology   The Hitachi S 3500 Scanning Electron Microscope (SEM) was used to characterize the actual morphologies of the silver nanoparticles. The nanoparticles were found to have a spherical shape. The diameters of those nanoparticles are about 35 nm. The sliver nanoparticles used in this study are measured and shown in Figure 2. The size distribution is counted and shown in Figure 3. Most of the nanoparticles were found to be between 15 nm to 45 nm. 
 
  Figure 2: Morphologies of dry silver nanoparticles recorded by SEM. The bar represents 100 nm. 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Figure 3: The size distribution of silver nanoparticles measured by SEM.   
SEM Size Distribution of Silver Nanoparticles 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2.4 Plasmonic Resonance of Nanoparticles   Plasmonic effects is a generation of highly localized light fields in the near‐field of metallic nanostructures [30]. Light scattering, including Rayleigh and Raman scattering, can be significantly enhanced by the plasmonic resonance.  To quantify the plasmonic resonance effects, Discrete Dipole Approximation (DDA) method [31] has been used to calculate the light absorption and scattering from various nanoparticles in solutions and in air.  In Figure 4, comparison between silver nanoparticles with TiO2 nanoparticles at the same size is shown. With a diameter of 22.3 nm, silver nanoparticles show the resonance enhanced light scattering at 360 nm in air and about 400 nm in water. TiO2 nanoparticles show no resonance effects. 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Figure 4: Comparison of simulated light scattering spectra between silver and TiO2 nanoparticles at diameters of 20 nm in air and in water. This spectra was simulated by DDSCAT software. 
Comparison of Simulated Light Scattering Between Silver and TiO2 Nanoparticles 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In Figure 5, comparison between experimental and computational results of nanoparticle scattering is shown. In Figure 6, comparison of light scattering spectra among silver nanoparticles at different diameters in water is shown. The resonance peaks shift toward the red region and get broader when the diameters of the nanoparticles become larger. The position of the peaks and the width of the peak can be used to roughly estimate the diameters of the nanoparticles. Light scattering intensity can be plasmonic resonance enhanced if the incident light is around the resonance frequency. The cross sections for the silver nanoparticles can be resonance enhanced by more than 10 times when the incident light varies from about 300 nm to about 400 nm in water solution. Since it is only possible for the silver nanoparticles, light scattering from all other particles can be filtered or blocked efficiently, which will eliminate other disturbance from the dust particles for the velocity measurement. 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Figure 5. Comparison of experimental and simulation results of silver nanoparticles. 
Comparison of Experimental and Simulated Light Scattering of Silver Nanoparticles 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Figure 6. Comparison of simulated light scattering spectra among silver nanoparticles at different diameters in water.  
 
 
Simulated Light Scattering of Silver Nanoparticles 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3. Localized Surface Plasmon Resonance Effects by 
Naturally Occurring Chinese Yam Particles.  
3.1 Overview   Localized Surface Plasmon Resonance (LSPR) effects of noble metal (mainly silver and gold) nanoparticles have evoked many research interests, such as Surface Enhanced Raman Scattering (SERS) spectroscopy [32‐33],  chemical sensing [34‐35] and biosensors [36‐44].  The existing research focuses on the LSPR effects on chemical molecules [34‐35], biological interactions [36‐38, 40], and biological molecules and particles [39, 41‐42, 44].  For detecting the large biological particles (>200nm), the metal nanoparticles have to be functionalized, such as by special antibodies, to be used to detect the corresponding biological targets by the LSPR effects.  Up to date, there are few reports on the investigation on the large biological particles with unfunctionalized metal nanoparticles.  The naturally‐occurring biological objects, such as ivy nanoparticles [45‐47] and sundew nanofibers [48], have been found to contain exceptional properties including mechanical adhesion, ultraviolet extinction, etc.  The LSPR effects by naturally‐occurring biological particles have not been investigated and quantitatively studied yet.  LSPR is an optical resonant effect, which arises from the negative real part and small imaginary part of dielectric constants of the noble metal nanostructures to contribute strong extinction near the resonant wavelength [49].  Besides the instinct dielectric properties of the metals, the LSPR effects depend on the shape and sizes of nanoparticles and the dielectric constant of surrounding medium [49‐51].  The dependence on local refractive index of the surrounding medium is very 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sensitive [34, 51‐52].  When the molecules are adsorbed or bound onto the surface of silver nanoparticles to form the additional layer, the local refractive index of medium in which silver nanoparticles immersed is changed.  The slight change of the surrounding refractive index results in the observable shift of LSPR peaks.  This shift has been employed to detect or sense the chemical and biomedical molecules in surroundings of the nanoparticles.  For example, it has been reported to detect the chemical molecules [34‐35], streptavidin [38, 42, 53], protein antigens and antibodies [37], and DNA [40‐41].  It should be noted that the sizes of the most detected molecules and particles by this peak‐shift method are much smaller than the noble metal nanoparticles used for detection.  The larger particles such as more than 100 nm have not been detected by this peak‐shift method yet.  The LSPR effects by naturally occurring biological particles at sub‐micron scales in the mucilage of the tuber of the Chinese yam, is investigated.  Chinese yam particles are firstly characterized by AFM and high‐speed optical dark‐field microscope.  Optical extinction properties of the particles are recorded.  Then the peak shifts of LSPR peaks of silver nanoparticles influenced by Chinese yam particles are observed.  The change of the local dielectric constant induced by the interaction of LSPR of silver nanoparticle and Chinese yam particles are quantitatively predicted by the simulation employing Discrete Dipole Approximation (DDA) method.  Finally, applications of finding for in‐situ and quantitatively detecting the biological particles in solution are discussed. 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3.2 Experimental Procedure   The mucilage from the Chinese yam were grated from its tuber and dispersed into the distilled water. After that, the sample of Chinese yam was centrifuged at 4400 rpm for 5 minutes. Then, the supernatant was dialyzed overnight with ddH2O through a cellulose membrane (Sigma‐Aldrich, D9277) allowing free pass of chemicals less than 12,500 Daltons.  After dialysis, the Chinese yam sample was centrifuged at 4400 rpm for 10 minutes. The samples were then filtered by the 450‐nm filters, 200‐nm filters, and 20‐nm filters (Nylon filters, Whatman Inc.). The filtered solutions were labeled as Y‐original, Y‐450, Y‐200, and Y‐20, respectively. Every filtered yam solution with the same amount were mixed with the silver solution with the same ratio. It is worth to note that all the water used was treated by the 20‐nm filters in order to exclude any particles greater than 20 nm. All the experiments were performed at the room temperature and stored at 4oC.   Silver nanoparticles were synthesized by a chemical reduction method [54].  AgNO3 (81 mg) was dissolved in 450 mL of water. After boiling, 8 ml of 1% sodium citrate was added into the solution. The color of solution turned gray after a few minutes. The mixture solution was kept boiling for 1 hr, then it was cooled down to room temperature.  The silver nanoparticle solution was filtered by the 200‐nm filters before the measurements were taken.  The morphologies of the dried yam particles were observed using Agilent 5500 atomic force microscope (AFM, Agilent Technologies, Santa Clara, CA). The Chinese yam particles in solution were observed by the Nikon E600 microscope 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with a dark field condenser (Cytoviva, Inc.). The magnification of the oil‐immersed objective is 100 times.  The moving particles are recorded by the PowerView HS‐650 camera, which can capture high‐speed moving particles. All the captured images are grayscale. Actual morphologies of silver nanoparticles were characterized by Hitachi H‐800 Transmission Electron Microscope (TEM). Sizes distribution of Ag nanoparticles was recorded by dynamic light scattering (DLS) (Brookhaven Instruments BI‐2000SM goniometer equipped with a PCI BI‐9000AT digital correlator). The laser wavelength is 633 nm. The detector is located at the scattering angle of 90°. The ultraviolet and visible (UV‐Vis) extinction spectra are measured by the Cary 5000 UV‐Vis‐NIR spectrophotometer.  The optical length of the quartz cuvette is 10 mm.  
3.3 Results and Discussion 
3.3.1 Characterization of Chinese Yam Particles 
 Dried Chinese Yam particles without filtering (Y‐original) were observed by an AFM, shown in Figure 7.  The particles were the polydisperse systems with large size deviation.  Many particles have the diameters of around 200 nm, and others are larger or aggregated. 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 Figure 7 The morphologies of dried Chinese yam particles observed by AFM. The scale bar in the figure is 500 nm. 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Herein, the ‘wet’ particles in the solutions were observed by an optical dark-field 
microscope.  The optical dark-field microscopy employs the optical scattering effects to 
observe the particles.  Due to scattering effects, the spots in dark-field images for the 
nanoparticle are larger than their actual sizes [55-56].  Still images of the particles were 
severely disturbed by the remains on the glass slides and cover slips, even after washing 
the slides and cover slips carefully following a sophisticated protocol [57].  So instead, 
with the help of a high-speed camera, the moving particles were captured, which can 
totally exclude any remains on the glass slides or cover slips.  The result is shown in 
Figure 8.  In the dark-field grayscale, the particles display bright or gray spots.  The large 
particles inevitably emerge in the original solution due to the preparation of samples and 
the aggregation of sample particles.  However, there are more particles with sizes less 
than half of a micron in the images.  The intensities of these particles in the grayscale 
images are different.  For similar half micron spots in the images, the intensity is darker 
with decreasing sizes.  So those images also exhibit rough size-distribution of the 
particles.  Few particles can be observed in the samples treated by 200 nm filters.  
  24 
 
 
 
 
 
  Figure 8.  Dark‐field image of Chinese yam particles in motion (Y‐original samples) captured by a high speed camera.  Scale bar represents 1µm. 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The filters with decreasing sizes were used to isolate yam particles in solution. The optical extinction properties of the Chinese yam particles were characterized, as shown in Figure 9 and Figure 10.  For all the samples, the similar strong ultraviolet absorption and visible transparence are shown.  These effects show that the particles and molecules in the solution have similar compounds.  The strong extinction response exhibits when the particles with sizes of between 200 nm and 450 nm, as shown in Figure 10. The optical extinction of particles with sizes of between 200 nm and 20 nm is very weak, which means that those particles with sizes of less than 200 nm are relatively rare compared with lager particles.  This is consistent to the results obtained by both AFM and optical dark‐field microscopy.  In summary, the particles with sizes from 200 nm to 450 nm are abundant in mucilage of Chinese yam and contribute to the significant optical extinction effects. 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Figure 9. Optical extinction spectra of Chinese yam samples.  
 
Extinction Spectra 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Figure 10.  Extinction spectra of the Chinese yam particles.  The extinction curves were obtained by subtracting the extinction of samples treated by 200 nm filters from that of the sample treated by 450 nm filters.    
Extinction Spectra 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In Figure 9 and Figure 10, one of the extinction bands is located at the wavelength of about 280 nm.  This is due to one of the compounds from the samples, protein.  Protein has been characterized in the tuber of the Chinese yam [58‐59].  Some proteins are noted to have an absorption peak at 280 nm [60‐61].  In particular, amino acid (Tyr and Phe), which have the absorption peaks at 280 nm, are confirmed in the Chinese yam protein [28].  Besides protein, starch (or polysaccharide) is also abundant in the tuber [62‐63].  However starch has no absorption peak at 280 nm.  Furthermore, granule of the starch from Chinese yam were observed about 10‐ 40 µm[64].  So the particles observed here not only contain starch, but the protein is another abundant component of these particles.  In addition, Chinese yam particles and solutions that filter out all particles have the same ingredients since they have similar extinction behaviors, as shown in Figure 9 and Figure 10. The extinction band for Y‐original in Figure 9 is not as obvious as others. Original solution (Y‐original) without filtering is from the mucilage of the tuber. The mucilage is thick and gluey, which contains many compounds such as protein, carbohydrate, fat, and dietary fiber [65]. The extinction peaks from protein are suppressed to some extent by these compounds. After passing through 450 nm filters, the large particles are excluded. The compounds of the filtered solution including passing through 200 nm filter and 20 nm filter are relatively uniform. The extinction peaks of those solutions are thus obvious. 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3.3.2 LSPR Effects on Chinese Yam Particles 
 Morphologies of silver nanoparticles obtained by TEM are shown in Figure 11. Size dependences of those nanoparticles from DLS are shown in Figure 12.  The sizes of the particles with largest portions are about 86 nm 
 
 
   Figure 11. TEM image of silver nanoparticles, Scale bar represents 100 nm. 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 Figure 12: Size distribution of silver nanoparticles obtained by DLS. 
 
Size Distribution of Silver Nanoparticles 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The extinction spectra of the mixture of Chinese yam solution and silver nanoparticles are shown in Figure 13.  The extinction spectrum of silver nanoparticles and that of the mixture of silver nanoparticles and Y‐450 solution are shown in Figure 13 a.  There are no new extinction bands at the longer wavelengths of 500 nm‐800 nm.  These effects indicate that there is no significant aggregation in the silver nanoparticles solution and the mixture solution [65].  The extinction peaks of silver nanoparticles in the mixture solution are clearly shifted.  It should be noted that due to the tilted extinction edge of the Chinese yam solutions, the LPSR spectra of silver nanoparticles after mixing with Chinese yam solution should be obtained by subtracting extinction spectra of Chinese yam solution from those of the mixtures.  The wavelength shifts can be observed by comparing the extinction spectra of original silver nanoparticles and those of the subtracted results.  For mixing with the yam original solution (Y‐original), the shift is about 14.25 nm (Figure 13 b).  For mixing with Y‐450 sample, the shift is about 5 nm (Figure 13 c). For mixing with Y‐200 solution, the shift is about 3.5 nm (Figure 13 d).  The shift of 3.5 nm is due to biological molecules in the solution, such as the protein and starch.  Excluding this contribution, the shift of mixing with Y‐original and Y‐450 are due to the interaction of silver nanoparticles and yam particles. 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 Figure 13 a) The extinction spectra of silver nanoparticles in water and the mixture of silver nanoparticles and Y‐450 solution.  The simulation curving is also shown in the figure.  b) The peak shift of the mixture of silver nanoparticles , Y‐original solution and the simulation. 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 Figure 13 c) The peak shift of the mixture of silver nanoparticles, Y‐450 solution and the simulation. d) The peak shift of the mixture of silver nanoparticles  Y‐200 solution, and the simulation. 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3.4 Simulations and Discussion 
 Open source software DDSCAT 7.1 is used to calculate the LSPR scattering and absorption spectra of silver nanoparticles based on Discrete Dipole Approximation (DDA)[66‐67].  In this approximation the target is represented by an array of point dipoles.  The scattering and absorption behavior of the target can thus be calculated by the interaction between incident light and the dipoles.  The DDA method offers the capability of calculating scattering and absorption from complex geometries.   For the current calculation, the refractive index of bulk silver is taken from Palik [68]. Considering the collision of the conduction electrons with the particle surface, the dielectric constant of silver particles are modified according to the equation in the literatures [69‐70].  The refractive index of water is from the reported data [71].  The shape of the silver nanoparticles is set as ellipsoids with a diameter ratio of 1.2:1:1.  The effective radiuses of the ellipsoids are 45.63 nm, 36.29 nm, 28.86 nm, 5.81 nm, 4.62 nm and 3.68 nm according to the relative ratios of experimental DLS results.  (The effective radius is defined as the radius which generates the sphere with the same volume of the particles [66‐67, 68]. The simulation for the extinction spectrum of the silver nanoparticle solution is shown as dashed lines in Figure 13 a.  For silver nanoparticles, the slight variation of the surrounding refractive index makes the extinction peaks shift [52, 72].  In particular, as obtained from the simulation, a 3 nm of peak shift corresponds to a 0.0167 of 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refractive index variation; a 5.0 nm and a 14.25 nm peak shifts corresponds to a 0.0238 and a 0.0669 of refractive index change, respectively.  The yam solution filtered by the 200 nm filters have been verified to contain few particles by AFM and optical extinction results.  Therefore, this solution can be regarded as the background solution, which only contains the small protein, starch and other molecules. The background solution increase to 0.0167 of the refractive index of medium.  The particles with sizes between 200 nm and 450 nm interacted with silver nanoparticles effectively increasing 0.0071 of the surrounding refractive index.  For the particles with sizes that are greater than 450 nm, this effective value is 0.0431.  The peak shifts are due to the interaction between silver nanoparticles and target molecules or particles.  In particular, the connections between the surface of metal (Ag and Au) nanoparticles and targets change the local surrounding refractive index [34‐35, 37, 52].  The connection of chemical molecules and the surface of silver nanoparticles can be due to their chains or groups, such as alkyl chain for CH3(CH2)x SH [34‐35].  The bindings between biological molecules and metal nanoparticles involve the functional group of the surface of metal nanoparticles [38, 40‐43, 53] and charge absorption [37].  For most biological materials, the functionalization of the surfaces of silver and gold nanoparticles is the general procedure.  This procedure can allow the nanoparticles recognize the special targets.  In our study, the silver nanoparticles have not been functionalized.  However, the silver nanoparticles significantly interact with the Chinese yam particles through the peak shifts.  The connection between silver nanoparticles and 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Chinese yam particles can be due to the interaction of protein and the surface of silver nanoparticles [73].  Since the sizes of yam particles are so large, the yam particles cannot make an isotropic layer around the silver nanoparticles.  The silver nanoparticles only feel the limited yam particles at one or several directions.  So the observed peak shifts make a promising method to detect large biological particles, even individual biological particles.  Lots of efforts employing LSPR for detection are limited to molecules or some small particles, such as DNA. One of the possible applications of current observation is for the detection of virus.  Most viruses have size ranges between the largest protein molecules and the smallest independent cells, which is about 30 nm‐500 nm [74].  Lots of virus always contain the protein on the surface. There are some methods for detecting intact virus, such as surface plasmon resonance [73, 75]. But this method always functionalizes the silver nanoparticles with special antibodies. Considering that viruses have a size much smaller than normal cells but are still larger than most cells in blood, this peak shift of the LSPR method offer great potential to detect the intact virus, such as HIV in blood, with minimal preparation.  The individual silver nanoparticle will also change the extinction peak when the viruses pass by the silver nanoparticles. So based on the peak shift of local surface plasmon resonance, silver nanoparticles can be used to in‐situ detect the particles greater than 200 nm in a solution. 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4. PIV Setup 
4.1 Specification 
 The most basic form of PIV is to have a continuous illumination field and a camera to record two successive images. The setup for µPIV is similar to the conventional PIV set up. Two methods were employed when capturing µPIV images, a single pulse laser system and a broad‐spectrum white light source.  A frequency doubled Nd: YAG laser at 532 nm wavelength can be used to be focused by a cylindrical lens to form a laser sheet. This is a standard pulsed light source for PIV because the two laser beams can be triggered independently of each other and overlap with good beam quality to give a clear illumination path. The sheet illuminates the flow of the silver nanoparticles. A single pulsed laser at 532 nm at a 10 ns duration was used to illuminate the path giving a clear illumination sheet. A fast camera with an optical filter together with a charge‐couple device (CCD) synchronized with the laser was used to successfully obtain excited particle images. The synchronization is setup in such a way that the first light pulse is set at the end of the first camera recording and the second pulse is set at a time Δ t from the second recording. This time interval is independent of the camera frame rate and defines the time interval between the two synchronized light pulses.  The camera detects only scattering light from the silver nanoparticles; therefore, it is straightforward to locate those particles. By comparing two consecutive images of the flow field with auto‐/cross‐correlation techniques, one can follow the movement of the particles to create a velocity profile. 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A broad‐spectrum white light source was also employed to obtain images. The white light was focused through a cylindrical lens similar to the single pulse laser. The shutter of the camera along with the CCD was used to prevent over‐exposed images. The high‐speed camera using “CameWare” software was used to capture both laser and white light images.             A pump from the Varian ProStar solvent deliver module regulated the flow rate of the silver nanoparticle solution. The flow rate ranged from 0.01 mL/min to 3.2 mL/min for small and medium silver nanoparticles using both the single pulse laser and broad‐spectrum white light source methods.  
  Figure 14 (a) The diagram of nano‐PIV setup used dark field illumination, (b) the schematics of the micro channel 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The prepared nanoparticle solutions have been observed under a standard dark field microscopy.  Shown in Figure 14 a, the silver nanoparticles were recorded with an exposure time of 3.3 ms under the illumination of white light. The image under the illumination of a single laser pulse (532nm, 10ns duration) was shown in Figure 15 and Figure 16. The sizes of the spots in the images represent the silver nanoparticles that are nearly about 0.5 µm.     
  Figure 15: Dark field images of Ag nanoparticles illuminated by a white light source. Exposure time for the camera is 4 ms. 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Figure 16: Dark field image of Ag nanoparticles illuminated by a laser pulse at 532 nm, exposure time equals to the pulse duration of laser, which is about 10 ns. The bar is 2 µm. The total dimension is 70 µm x 55 µm. 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 Following the analysis used in µPIV, the final sizes of spots recorded by CCD can be estimated by this following equation [15],         (15)  where de is the final imaged particle diameter M is image magnification (100 ×) dp is the particle diameter (~35 nm)  λ is the light wavelength (500 nm or 532 nm) NA is the numerical aperture of objective lens (1.3).   So the final imaged particle diameter of silver nanoparticles is about 6 pixels in the images, which corresponding to about 72 µm in the images.   
4.2 Data Acquisition  
 The graphic user interface “Insight 3G” was used for processing the images from the camera to attain velocity vector maps. Cross‐correlating the images in the interrogation regions from consecutively recorded image pairs was used. Each image was pre‐processed with several steps. First, the images were treated with a Gaussian image filter with 15 pixels and 1.5. Then, the background of each image was subtracted using the minimum intensity generator to produce a clear image for processing. A nyquist processing setting was used with a spot width of 128 pixels x 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128 pixels through out the entire image. A variation of time between consecutive images, Δt, and fluid flow was recorded for small and medium sliver particles.  
4.3 Cross Correlation 
 After the images are captured a way is needed to analyze them to give the individual particle displacements. There are several systems that can do this.  PIV uses a cross correlation method, in which each image is divided into small interrogation areas. The velocity is calculated individually for each interrogation area in the first and second images by correlation. The interrogation areas are cross‐correlated pixel by pixel to give an accurate measurement. The intensity of each pixel is multiplied by the intensity of the other pixels in the interrogation area to create a plot, which is known as the correlation map.  The correlation produces a signal peak that corresponds to each interrogation area. The average particle displacement is found and is represented as Δx. This pixel estimation gives an accurate measurement of the displacement and therefore the velocity. The velocity vector maps are over the entire target and is obtained by repeating this procedure of cross‐correlation for each interrogation area for the whole flow field. In PIV it can be seen that you don't get the velocity of each individual particle, but instead you are averaging the velocity of all the particles in the interrogation region. So, each velocity vector represents the average velocity of particles over an area. 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5. Insight 3G 
5.1 Processing 
 Image processing using the Insight 3G software allows for the use of very complex algorithms by selecting simple settings. The first thing that must be considered is the type of application that is being employed under the Processing Tab. The “PIV Application” is mostly used when processing images because it computes a 2‐D vector field from the particle images. “Super‐resolution Particle Velocimetry Application” can be selected when a particle‐tracking based analysis method for PIV images is needed.  The spatial calibration can be set to a “2‐D Spatial Calibration” setting when the unit length needs to be converted from pixels to millimeter. A processing mask can also be used when processing the image. Insight 3G allows to define and select any shape in the analysis region.  This allows for looking at two different flow regions at the same time or for eliminating areas that are not of any interest and that do not need to be processed.  
5.2 Pre­Processing 
 Image pre‐processing is very important because it improves the raw image quality before the application‐specific processing is carried out. A processing “pipeline” can be set up and applied to every image that is processed. There are a variety of image pre‐processors available for the applications. The image calculator can perform arithmetic operations between the two images or between the image and a constant. It also performs image grayscale inversion. An image filter such as a Gaussian or Laplacian can be used to perform linear filtering.  When there is a lot of 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noise in the background of the images the image generator can be used to calculate the pixel‐wise average, minimum or maximum intensity of the inputted images. Those images can be used to subtract from the raw images using the image calculator. The resulting images have the background noise removed.  
5.3 Velocity Measurements  
 A far field plasmonic enhanced nano‐Particle Image Velocimetry (nPIV) has been demonstrated by integrating the common PIV technique with the single nanoparticle tracking technique. As discussed previously, a laser or white light source has been focused on a micro channel by a dark field condenser. The flow seeded with nanoparticles has been pumped through the channel using syringe pump. A fast camera (TSI‐ HS650) with an image intensifier has been used to capture scattering light from the nanoparticles. The movement of the flow is accompanied by the displacement of the seeding particles. Since only scattering light from the nanoparticles can be detected by the camera, it is straightforward to locate those particles. By comparing two consecutive images of the flow field with auto‐/cross‐correlation technique, one can follow the movement of the nanoparticles such that a 2D velocity profile has been obtained, shown in Figure 17, Figure 18, and Figure 19. The flow velocity is about 0.5 mm/s for each figure with different exposure and flow speeds. 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 Figure 17: Experimental measurements of nanoparticle movement in a microchannel using white light dark‐field illumination. Image of nanoparticles at an exposure of 4 ms and instantaneous velocity map of the flow (in m/s). Flow speed is 0.01 ml/min 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 Figure 18: Experimental measurements of nanoparticle movement in a microchannel using white light dark‐field illumination. Image of nanoparticles at an exposure of 2 ms and instantaneous velocity map of the flow (in m/s). Flow speed is 0.08 ml/min 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 Figure 19: Experimental measurements of nanoparticle movement in a microchannel using white light dark‐field illumination. Image of nanoparticles at an exposure of 2 ms and instantaneous velocity map of the flow (in m/s). Flow speed is 0.16 ml/min 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5.4 PIV Conclusion 
 PIV offers a unique look into the flow by providing the velocity with a non‐invasive technique.  Since the time PIV was developed until now there have been many applications to enhance our understanding of the velocity of flow. For example, PIV can be used to determine the flow of fluid in biomechanics, aerodynamics and biomedical applications. The cross‐correlation technique uses the small interrogation areas to provide for the whole field velocity flow. This technique will only enhance in the future to provide for more accurate velocity measurements as technology of lasers and cameras improve.  
6 Application of Giardia Movement Analyzed with PIV 
6.1 Introduction   Giardia lamblia was first discovered by Anton von Leeuwenhoek in 1681 [76]. It was later discovered that Giardia was one of the causes of giardiasis, a common gastrointestinal disease of protozoon etiology [77]. Giardia is not only present in humans but also in other animals [78‐83]. This lack of host specificity indicates that the Giardia possesses a unique method for movement and attachment to various surfaces. The purpose of this study was to understand the swimming and attachment mechanism of Giardia lamblia. Using PIV analysis to obtain quantitative data on the fluid flow generated by the beating of the flagella in the attached cells, it is possible to gain fundamental insight into the swimming motion of Giardia. 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6.2 Flagella Movement 
   It is important to take into account the contribution of each flagella pair when trying to study the swimming motion of Giardia. There are four regions of flagella and can be seen in Figure 20.   
  Figure 20 Flagella pair of Giardia  The function of the flagella in Giardia is to generate planar waves [84]. Another unique feature of the Giardia’s swimming motion is its ability to maneuver within the harsh environment of the small intestine. Where there is an infection spreading, 
Giardia trophozoites are able to quickly swim to the epithelial lining of the intestine and attach, to prevent expulsion.  They also form a nearly complete monolayer on the intestinal epithelium in a full infection. Despite the fact that they need to detach, divide, and then swim back to the attaching surface [85‐86].  During this full infection, the cells must be able to produce fine movements to fill in the gaps and form a monolayer. 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6.3 PIV Analysis 
 PIV analysis was needed to accurately measure the speed and direction of the fluid motion that was generated by the different pairs of flagella. The best seeding approach to visualize the flow around attached cells was to use 90nm‐200 nm ZnO nanoparticles in modified Keister’s media. The ZnO nanoparticles used in this study provided increased contrast and due to the short duration necessary for capturing the data, any potential toxic effects from the ZnO nanoparticles were ignored.  Similarly, no ZnO nanoparticles were observed inside of the cytoplasm, and appear to be excluded by the cell membrane.  PIV analysis revealed several significant findings about the flow of nanoparticles around attached trophozoites.  When the anterior and posterolateral flagella beat synchronously, the flow quickly passes from the anterior flagella, through the posterolateral flagella, and out the caudal region of the cell.  Four vortices were created by the down‐stroke of each of the flagella outside of the region of fast flow shown in Figure 21.    
 Figure 21 PIV Vector Field Flow Around Attached Trophozoites. 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 Note that the shadow of the cell was overlaid onto the vector field. PIV vector field of flow around attached trophozoites. Two typical vector fields, showing the flow of the ZnO nanoparticles around attached cells.  Figure 21 a shows a comparison of two frames at the start of the downward beating motion.  Figure 21 b shows a comparison of frames near the end of the downward motion of the flagella.  An image of the cell recorded has been superimposed over the vector fields to demonstrate the relative position of the cell.  Red arrows indicate high‐speed flow of greater than 100 µm/s.  Note that nanoparticles are pulled towards the cell and then rapidly pulled past the cell.  Since only two frames are compared at a time to generate the vectors, the complete flow cannot be shown. Similar to the analysis of the movement pattern of the flagella, the PIV data demonstrated a rapid downward flow close to the cell body ranging from 150‐215 µm/s. Since the PIV vector maps are only a comparison of two frames, the pattern of flow may not be obvious; however, when observing the real‐time movement of the particles, the pattern was clearly evident.  The observed flow pattern confirmed the earlier hypothesis that the downward motion of the flagella was generating a strong push of fluid, while the upward stroke had a considerably smaller fluid push.  It should be noted that in Figure 21, a shadow of the cell was overlaid onto the vector field.  Particles were tracked that were not in the focal plane of the cell, resulting in what appears to be a flow of particles underneath the attached trophozoite  However, ZnO nanoparticles did not flow underneath the adhesive disc, but instead 
  52 
flowed around the body of the attached cell.  Similarly, no backflow underneath the adhesive disc from the ventral flagella was observed.  The flow data obtained from this PIV study represents the first time that PIV has been applied to Giardia, and provides significant insight when combined with the flagella analysis and function of the different flagella.  Specifically, the PIV analysis confirmed that the anterior and posterolateral flagella generated a strong directional propulsive force characteristic of a power stroke.  This fluid motion was not directed away from the body along the flagella axis, as would be found with a sinusoidal motion.  However, the ventral flagella moved fluid away from the adhesive disc along the flagella axis.  The confirmation of different fluid movement generated by the various flagella pairs further indicates their functional differences and the complex swimming motions employed by Giardia trophozoites.  
7. Conclusion   A novel far‐field plasmonic resonance enhanced nanoparticle‐seeded Particle Image Velocimetry (nPIV) has been demonstrated to measure the velocity in a micro channel. Chemically synthesized silver nanoparticles have been used to seed the flow. By using Discrete Dipole Approximation, plasmonic resonance enhanced light scattering has been calculated for spherical silver nanoparticles with diameters ranging from 15nm to 200nm. Optimum scattering wavelength is specified the nanoparticles in two media: water and air. The diffraction‐limited plasmonic resonance enhanced images of silver nanoparticles at different diameters have been 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recorded. By using standard PIV techniques, the velocity within the micro channel has been determined from the images. Chinese yam particles in the solution have been characterized by AFM for dried ones and dark‐field optical microscope for “wet” ones.  The yam particles illustrate the strong ultraviolet extinction and transparence in the visible range.  LSPR effects of silver nanoparticles influenced by the yam particles are experimentally observed.  The peak‐shifts of the LSPR spectra was simulated and quantified by associating with the local refractive index variation.  The LSPR effects on naturally occurring particles may be used to in‐situ and quantitatively detect large biological particles or virus in solution. The use of PIV shed new light on the swimming motion of Giardia trophozoites. It was seen that the motion of the flagella generates a clear power stroke and have a beating motion similar to ciliary motion. It was also discovered that during the attachment process, the Giardia trophozoites change their swimming behavior that results in a more controlled motion. PIV was able to offer new insight on the flagella motion of the Giardia trophozoites. 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